Experimental study of biomass char combustion in TGA in isothermal conditions.
Introduction
With the growing environmental concern, biomass gasification is a promising alternative to fossil fuel for power generation. Recently, an increasing interest was showed for the production of methane via Methanation process and ''Biomass to FisherTropsch Liquids". Biomass gasification is a thermochemical conversion occurring at high temperatures with many simultaneous reactions. It occurs in two stages: (i) a fast pyrolysis step above 350°C in which the biomass undergoes a thermal conversion leading to the formation of volatile products either condensable (steam and tars) or non-condensable (H 2 , CO, CO 2 , CH 4 and C 2 H x ) and a solid residue called char [1] ; (ii) a gasification step in which the char reacts with steam and carbon dioxide at temperatures greater than 700°C to produce syngas.
Biomass gasification is an endothermic process. To maintain a fixed temperature in the reactor, a contribution of energy is required. Two types of technology exist for biomass gasification according to the method of heat transmission [2] [3] [4] [5] . On the one hand, the heat can be provided by ''in situ" combustion. This process includes the fixed bed gasifiers (co-and counter-current) and the ''bubbling fluidized bed" gasifiers. In these types of reactor, the biomass undergoes drying, pyrolysis and partial combustion of volatile matters and char and finally the gasification of char. On the other hand, the heat can be supplied by ''ex-situ" combustion of char. One of the most promising technologies which uses ''ex-situ" combustion is dual or twin fluidized bed (FICFB: Fast Internally Circulating Fluidized Bed) [6] . Its principle relies on the circulation of a medium (sand, olivine or catalyst particles) which acts as a heat carrier between an endothermic reactor and an exothermic reactor. In the former (called gasifier) which operates around 750°C-850°C, biomass gasification is carried out to produce syngas. In the exothermic reactor (called combustor) which proceeds at 900°C-950°C, a part of the char from the gasifier is burned to produce heat.
During biomass gasification, especially with FICFB, char reacts with steam and carbon dioxide in the gasifier and oxygen in the combustor. Information regarding the kinetic of char combustion is then essential to better understand phenomena occurring inside the combustor and to design this process.
Char combustion corresponds to a complex chemical transformation which occurs in several steps: the external transfer of oxygen from the bulk to the external surface of the particle, the diffusion of oxygen within the pores of the solid, the oxygen chemisorption on an active site (adsorption), the intrinsic chemical reaction and finally the products desorption [7, 8] . These different steps are strongly affected by the physicochemical properties of char, the combustion temperature, the oxygen partial pressure and the size of the solid particles.
A previous study was carried out to highlight the effect of pyrolysis operating conditions on the physicochemical properties and reactivity of two biomass chars [9] . We showed that the physicochemical structure of char is strongly dependent on the pyrolysis conditions (heating rate, pyrolysis temperature and the nature of the biomass). These parameters influence hydrogen, oxygen, carbon and ash content in the char as well as the presence of aromatic and amorphous carbon. The presence of inorganic matters (i.e. ash) in the char matrix was found to catalyze the reaction of combustion [9] . In addition, bibliographic works showed that: 1) An increase in the particle heating rate during biomass pyrolysis increases the reactivity of char [10] [11] [12] [13] [14] . 2) A higher pyrolysis pressure yields to a decrease of char reactivity [11, 15] .
3) The effect of the soaking time is not well understood yet. The soaking time represents the residence time of char at final pyrolysis temperature. This parameter was found to decrease char reactivity for certain authors [12, 16] and to have no effect on char reactivity for other researchers [14] . 4) A raise of the final pyrolysis temperature leads to a decrease of char reactivity. The char reactivity greatly depends on the nature of the biomass. It is strongly influenced by the char chemical structure and ash content [9] .
The reaction of combustion may be divided into three main regimes according to the temperature, the oxygen partial pressure and the particles size [8] . In Regime I, the intrinsic reactivity of the solid is low with respect to oxygen diffusion inside the pore and external transfer around the particle. The concentration of oxygen is considered as uniform inside the particle and equal to that in the bulk gas stream. The intrinsic chemical reaction is then the limiting step. The Regime II is the transition regime where both the diffusion of oxygen and the intrinsic chemical reaction play a significant role. These two phenomena must be taken into account to represent the char reactivity. In Regime III, the intrinsic reactivity of the solid is very high and oxygen molecules react at the particle surface as soon as they have passed the boundary layer around the particle. Therefore, the concentration of oxygen at the external surface of the particle is zero and the reaction rate is controlled by external mass transfer. Hence, to determine char-O 2 combustion kinetic, many authors [17, 18] minimized mass and heat transfers. This can be achieved by carefully choosing the combination of combustion temperature, oxygen partial pressure and particles size so that char combustion occurs in chemical kinetic controlled regime (Regime I). The influence of oxidative temperature, oxygen partial pressure and particles size on the kinetic of biomass char combustion was widely investigated in the literature. The oxidative temperature [17, [19] [20] [21] [22] and the oxygen partial pressure [17, 19, 21, [23] [24] [25] were found to have a strong impact on the rate of combustion which increases by raising these two parameters. Several authors [17, 18, 26, 27] studied the influence of particles size on the char reactivity in gasification and combustion. They concluded that char particles size affects the diffusion of the gaseous reactant which may lead to a non-uniform concentration in the particle. Hence, for a fixed temperature and reactant partial pressure, the particles size influences the regime of reaction (i.e. Regime I, II). For instance, in the case of CO 2 gasification at 950°C and a CO 2 partial pressure of 0.1 MPa, Kovacik et al. [18] reported that a particle size up to 105 lm enables to achieve a chemically controlled reaction. This is in good agreement with the works of Standish et al. [26] who concluded that the time for a complete carbon conversion with CO 2 increases with the initial particles size.
The presence of ash in the char also has an influence on its reactivity in combustion [9, 17, 28] . However, its effect is not well-established yet. According to Zolin et al. [28] , the presence of inorganic materials in the char matrix may involve either a raise in the number of active sites in the char or a decrease in the activation energy. For example, in the case of combustion of straw and leached straw chars, they found that straw char has a significantly higher reactivity than leached straw char for temperatures up to 1000°C. As no difference in activation energies between the two chars was observed, the authors concluded that the difference in reactivity is due to the catalytic effect of ash which involves an increase in the number of oxidation sites. In a previous work [9] , we showed that the higher amount of ash in the beech bark pellet char might explain its higher oxidative reactivity compared to beech stick char. Nevertheless, other researchers [29] mentioned that the structure of char plays a more dominant role than the catalytic effect of ash for char combustion reactivity.
The literature on the kinetic of coal char combustion is extensive and has been discussed in several reviews [7, 30] . The combustion kinetic of char from pyrolysis of biomass is less studied and some works are given in Table 1 in the case of non-isothermal char combustion and in Table 2 in the case of isothermal char combustion. Tables 1 and 2 show that a wide range of biomasses (wood, straw, RDF, paper, bagasse and lignin) as well as pyrolysis conditions (temperature ranging from 500 to 1400°C and heating rate between 3 and 18,000°C/min) were applied to produce char. The char combustion experiments were performed mostly in TGA with heating rates between 0.5 and 20°C/min, maximum temperatures in the range of 300-1000°C, various oxygen partial pressures (283-21,273 Pa) and char particles size less than 500 lm.
Reactivity of char with oxygen can be described by the rate of a solid-state reaction according to the following expression [31, 32] :
where X; P O 2;s and T p are respectively the conversion rate, the oxygen partial pressure at the particle surface (Pa), and the particle 
where A is the pre-exponential factor, E a is the activation energy (J.mol
À1
), R is the gas constant (J.mol
). The oxygen partial pressure function can be given in the form of a power law:
where n is the reaction order with respect to oxygen.
In the literature, most of the authors employed Eqs.
(1)-(3) to represent the kinetic of biomass char combustion [33] . However, some researchers [34, 35] have used a Langmuir-Hinshelwood formulation which describes the competition between adsorption and desorption phenomena on the char surface. It provides a description of the O 2 adsorption and CO (CO 2 ) desorption process during carbon oxidation from the writing of elementary reaction steps [30, 36] . The simplest Langmuir-Hinshelwood formulation is expressed as follow:
where k d and k a are the rate constants for desorption and adsorption process respectively and follow an Arrhenius law. The Langmuir-Hinshelwood formulation predicts an effective reaction rate which varies with oxygen partial pressure and temperature. This form exhibits the two following limiting cases at a given pressure: when the adsorption process is the limiting step then R global ¼ k a P O 2 ;s (first order of Eq. (3)) and when the desorption process is the limiting step then R global ¼ k d (zeroth order of Eq. (3)). According to Hurt and Calo [30] , measured activation energies for desorption are in the range of 160-400 kJ/mol. These last values are much greater than those for adsorption which are comprised between 10 and 125 kJ/mol.
The structure function f ðXÞ represents the reactive surface of the particle. Its evolution during the gasification or combustion reactions is difficult to predict and is subject to discussion in the literature [14] . Due to the complex char structure, several kinetic models are reported in the literature to represent the structure function. According to Tables 1 and 2 , the most commonly used models for char combustion are the Power Law Model (PL) and the Volumetric Model (VM) [37] . The Power Law Model is totally empiric in nature while the Volumetric Model assumes a homogeneous reaction throughout the particle. In the case of char gasification with carbon dioxide or steam, the Shrinking Core Model (SCM) [38] is also frequently used to represent kinetic data [39, 40] . These three models (i.e. PL, VM and SCM) describe a decrease in reaction rate with conversion. Finally, the Random Pore Model (RPM) proposed by Bathia et al. [41] has received much interest due to its ability to predict a maximum reaction rate which is often observed during combustion and gasification of char. This model introduces a structural parameter by considering that the char particle is porous and the reaction occurs at the internal surface of the pores. As the reaction proceeds, a random overlapping of the pores occurs which can increase or reduce the reactive surface area. This model was largely used for gasification of char with CO 2 and steam [39] . A very few authors [17, 19] also found that the Random Pore Model satisfactorily fitted the reaction rate of biomass char combustion. In some cases, some authors [42] represented the structure function with a 6th order polynomial function which is totally empiric in nature.
As it can be observed in Tables 1 and 2 , the majority of researchers [22] [23] [24] [25] 28, 43] considers a global kinetic model for char combustion with activation energies ranging between 70,500 and 182,600 J/mol and reaction orders with respect to oxygen between 0.53 and 0.85. According to Di Blasi [33] , this dispersion in the kinetic parameters is caused by different biomasses and char properties, pyrolysis conditions, amount and composition of ash, operating conditions and device of the experiments. It is important to note that several authors [20, 22, 28] incorporated the dependence of reactivity on the oxygen partial pressure into the preexponential factor so that the results are only valid for the gaseous mixture (air) used in the experiments [33] .
However, some authors [17, 44] have reported two zones on the curve of conversion rate versus temperature during nonisothermal combustion: a shoulder at low temperatures followed by a sharp peak. They attributed these two peaks to two phenomena which occur in parallel, a devolatilization step and a combustion step. During the kinetic study of beech char combustion, Branca et al. [44] concluded that a two-steps reaction mechanism which takes into account both devolatilization and combustion reactions provides a good description of measured data. According to these authors, the devolatilization stage is well described by a relatively low activation energy compared to the one of char combustion [17, 44] . In the literature, isothermal combustion of char in TGA is achieved by employing a switching gas method [19, 21] . It consists in heating the reactor under an inert atmosphere to the desired reaction temperature before switching the gas from inert to reactive to perform the combustion. This technique is also employed for isothermal char gasification with H 2 O [45] or CO 2 [18, 39] in TGA. After the switching gas method, the newly introduced agent has to diffuse and replace the former gas in the apparatus. It is known that the time necessary for totally replacing the inert gas is likely to affect the char combustion rate [46] as it would cause a continuous change in the oxygen concentration or partial pressure in the TGA. For example, Zeng et al. [47] mentioned that it required 5-10 min for the TGA to reach a steady state after switching the gas from N 2 to CO 2 . Therefore, it appears essential to take into account the variation of oxygen partial pressure in the TGA for determining the kinetic of char combustion.
The aim of the present study is to determine the combustion kinetic of biomass char in isothermal conditions. This char was obtained by fast pyrolysis of beech bark pellet in a fluidized bed reactor and thoroughly characterized in a previous paper to understand its physicochemical properties and reactivity [9] .
This article is divided into two parts:
1) The first part of this paper focuses on the production of char and the determination of its physicochemical properties. The TGA protocol is defined and the TGA response time just after switching the gas from inert to reactive is investigated. The purpose is to observe and to model the evolution of oxygen partial pressure as it directly influences the kinetic of char combustion.
2) The second part of this article is the kinetic determination of isothermal char combustion in TGA. Experiments are carried out at atmospheric pressure and various temperatures ranging from 330 to 850°C and oxygen partial pressures ranging from 5065 to 21,273 Pa. The response time of the TGA is integrated in the kinetic modelling so that the variation in the oxygen partial pressure is taken into consideration. Several kinetic models are tested and the most appropriate one is selected to represent the combustion reactivity of char in Regime I. Finally, the influence of mass transfer phenomena in the TGA is investigated.
Experimental section

Char preparation
The biomass used in this work is cylindrical pellets of beech bark (D = 6 mm, L = 15 mm) obtained by mechanical compaction of sawdust. A picture of the raw material is given in Fig. 1(A) . The proximate analysis of the biomass was carried out following the standard test method for chemical analysis of wood charcoal D 1762-84. The results are given in Table 3 . The apparent density of the biomass was measured from the weight and volume of five single particles and is equal to 1050 AE 11 kg/m 3 . Fast pyrolysis of the biomass was carried out under an inert atmosphere of nitrogen by instant immersion of a fixed mass of biomass particles in a batch dense fluidized bed reactor containing 5 kg of sand particles. The experimental details have been given elsewhere [9] . Briefly, the reactor consists of a refractory steel tube with 125 mm inner diameter and 1110 mm height equipped with a perforated plate distributor. It is surrounded by two electric furnaces delivering 6 kW electric powers. The fluidizing gas flow rate is measured by a rotameter before feeding the bed. A cyclone and a condenser collect respectively the elutriated particles and condensable vapors at the outlet of the reactor. The biomass injection system is made of a cylindrical tube of 25 mm diameter with the lower end located inside the fluidized bed. An injected biomass mass of 20 g was chosen to prevent a temperature decrease superior to 5°C.
The experiments are carried out with a fixed nitrogen mass flow rate of 7 kg/h, corresponding to 7 times the minimum fluidization velocity of sand at 850°C.
The fast pyrolysis of the beech bark pellet was performed at 850°C and at atmospheric pressure. This temperature was chosen since 850°C is the operating condition of the gasifier in FICFB process. After reaching the pyrolysis temperature, about 20 grams of biomass are introduced inside the fluidized bed and the operation is repeated at least 5 times to produce a significant amount of chars. After the pyrolysis, the produced chars are cooled under a flow of nitrogen before being recovered the day after by sieving. A picture of the obtained chars is given in Fig. 1(B) . The soaking time at bed temperature was approximatively 3 h. The produced char was stored inside a pill-box until it was analyzed. The apparent density of char particles just after the pyrolysis process is equal to 333 AE 24 kg/m 3 . The physical and chemical properties of the biomass and its associated char are summarized in Table 4 . True density was obtained by helium pycnometer.
Mercury porosimetry analysis
Char particles obtained from fast pyrolysis of biomass are known to be porous particles containing numerous pores. These pores are usually classified as micropores (d pore < 2 nm), mesopores (2 nm < d pore < 50 nm) and macropores (d pore > 50 nm). Mercury porosimetry analysis enables to quantify the volume of pores larger than 3 nm by injecting mercury into the grinded chars under increasing pressure from 0 to 4000 bars. This analysis was carried out on PEL850 with an AUTOPORE IV apparatus from Micromeritics. Prior to this analysis, the char was grinded to ensure that all particles have approximatively the same diameter (sauter diameter equal to 25 lm). Fig. 2(A) presents the results of the cumulative intrusion volume versus pressure. For pressure equal to 2 bars, the cumulative intrusion volume corresponds to the filling of interstitial area between the grinded char particles. From this result, the apparent density q a of grinded char particles can be calculated and is equal to 827 kg/m 3 . For pressures above 2 bars, the cumulative intrusion volume represents the filling of pores with a diameter greater than 3 nm. As mentioned by several authors [14] , one of the main problems of mercury porosimetry analysis is that char structure might be broken during the increase of pressure. Therefore, results reported may be affected by a large degree of uncertainty. Results of mercury porosimetry are given in Table 5 . The true density given in this table takes into account both macroand mesopores and does not consider the presence of micropores.
The porosity e p of grinded char particles is calculated from Eq. (5) and is equal to 55%. From the value of the true density given in Table 5 , the porosity related to macro-and mesopores can be calculated and is equal to 13%.
Physical nitrogen adsorption at 77 K was also carried out in order to determine the total char surface area. During this experiment, nitrogen diffusion was very slow and we could not obtain exploitable results. It is well-known in the literature that nitrogen cannot penetrate deeply into micropores and sometimes equilibrium cannot be achieved in such experiments [7] . This indicates that PEL850 contains some micropores. Nevertheless, as oxygen molecules have similar molecular diameter compared to the one of nitrogen molecules, the presence of micropores in the char does not influence the combustion kinetic since oxygen molecules cannot diffuse inside.
SEM picture of grinded particles of PEL850 is presented in Fig. 2 (B) and showed that this char is composed of elementary very fine char grains with a diameter less than 1 lm. Besides, mercury porosimetry revealed that the average pores diameter is equal to 723 nm. This average pores diameter can be considered as a hydraulic diameter in which the oxygen diffuses toward the elementary grains. This hydraulic diameter represents the interstitial space of an agglomeration of elementary grains with a diameter d g . 
where d g is the elementary char grain diameter (m), e p is the porosity of the grinded char particles and d pore is the average pore diameter of the grinded char particles (m). From Eq. (6), the elementary char grain diameter was found to be equal to 0.9 lm which is in good agreement with results observed in Fig. 2(B) . Hence, it can be assumed that the elementary grains are made of micropores which are not accessible for oxygen molecules.
2.3. Isothermal TGA combustion tests 2.3.1. TGA protocol Char reactivity in combustion was measured using isothermal TGA analyses with a TGA Q600 analyzer from TA Instruments.
The grinded particles with a sauter diameter of 25 lm are used.
Preliminary, tests with various sample weights ranging from 2 to 15 mg confirmed that 8-10 mg is the optimum sample weight which enables to achieve accurate and repeatable results. Consequently, about 8 mg of PEL850 were introduced inside an alumina crucible (inner diameter and height of the crucible equal to 5.5 mm and 4 mm, respectively) for each test. The height of the char layer is d c ¼ 0:7 mm. The experimental protocol is divided into two stages. The first one, carried out under high-purity nitrogen flow (100 NmL/min), consists in:
an initial period of 15 min at ambient temperature used to initialize the system, a linear heating rate of 10°C/min from ambient temperature to the combustion temperature, a period of 15 min at the combustion temperature to stabilize the system. The second stage is the isothermal combustion of char carried out by switching nitrogen to a mixture of N 2 /O 2 with the same flow rate. Temperatures in the range of 330 to 450°C were tested and a final analysis was carried out at a temperature of 850°C. Oxygen partial pressure was varied between 5065 and 12,273 Pa. All of the gas mixtures of N 2 /O 2 were purchased from Air Liquide and have an accuracy of 0.1%.
During the first stage carried out under pure nitrogen, a mass loss less than 5% was observed for each experiment and combustion temperature up to 450°C. Klinghoffer et al. [48] reported similar mass losses in the char when heated under nitrogen in TGA. They attributed this mass loss to several phenomena:
Water loss due to the presence of adsorbed water in the char pores since the char was stored at atmospheric conditions. The loss of volatile products which are still present in the char.
The conversion rate is calculated via the following equation:
where w i , wðtÞ and w ash are the initial, temporal and final sample weight, respectively. The apparent reaction rate was defined as the derivative of the evolution of the conversion rate versus time, for a conversion rate of 50%:
2.3.2. Response of the TGA to a concentration step The purpose of this section is to observe the time necessary to the reactive gas to completely replace the inert gas just after switching the gas from inert to reactive. As mentioned by some authors, this time interval depends on the reactor geometry, the reactor volume and gas flow rate [49] . In our case, inner diameter and length of the cylindrical TGA furnace are respectively 22.86 mm and 174 mm. This study was carried out by connecting a paramagnetic gas analyzer SERVOMEX to the outlet of the TGA. This apparatus provides high performance oxygen monitoring and enables oxygen quantification after switching the gas from N 2 to a mixture of N 2 /O 2 . Before entering the analyzer, the gas line is cooled into a gas cooler. The response time of the sampling gas lines and analyzer to an oxygen concentration step is given in Fig. 3 . It consists in a pure delay of 1 min followed by a substantial increase of the oxygen fraction which can be considered as a concentration step.
To examine the time necessary to completely replace the inert gas by the reactive gas in the TGA after the switching gas method, blank experiments without char in the crucible were performed at three different temperatures (330, 500 and 850°C). They consist in heating the TGA in inert atmosphere to the run temperature, a period of 15 min at the run temperature and then switching the gas from N 2 to air. The switching method is considered as a concentration step and the oxygen molar fraction is continuously measured at the outlet of the TGA. The result of the temporal variation of the normalized oxygen fraction during an experiment at 500°C is given in Fig. 3 . Other experiments at 330 and 850°C showed that the oxygen fraction profile is independent of the TGA temperature.
It can be seen that the response of the TGA to a concentration step can be divided into two parts:
A pure delay for approximatively two minutes which is associated with the response of a plug flow tubular reactor. During this period, the partial pressure of oxygen is equal to zero. A continuous increase of the oxygen fraction to a constant value. This profile is attributed to the behavior of a continuous flow stirred-tank reactor and represents the evolution of oxygen partial pressure around the crucible.
Consequently, during our isothermal char combustion experiments in thermogravimetric analyzer, it takes about 25 min for the mixture of N 2 /O 2 to completely replace the inert gas in the apparatus after the switching gas method. Oxygen partial pressure can no longer be considered as constant during the initial part of char combustion. In the following, the pure delay of 1 min due to the gas sampling and analyzer was removed. In order to take into consideration this effect for determining char combustion kinetics, we chose to represent the transfer function of the TGA by the association of ''n" continuous flow stirred-tank reactors in series with the same residence time according to the following differential equations system: The parameters n and s CSTR are identified by solving Eq. (9) using an explicit Runge Kutta (4,5) formula and applying the nonlinear least-squares curve fitting problem. Hence, the parameters n and s CSTR were found to be 2 and 3.3 min respectively. Fig. 3 presents the corresponding transfer function by taking two continuous flow stirred-tank reactors with a residence time of 3.3 min each. The model well represents experimental results. Therefore, in the following, the response time of the TGA will be taken into account for modelling the oxygen partial pressure in the kinetic expression (Eq. (1)).
Mass transfer within the crucible
The aim of this part is to evaluate the diffusional effects of oxygen which take place around and within the crucible. Indeed, during char combustion in TGA, a boundary layer is formed at the upper surface of the crucible. In this zone, the transfer of oxygen proceeds through convection. Besides, some authors [50] [51] [52] observed the presence of a stagnant gas region between the upper surface of the crucible and the surface of char particles. In this region, the oxygen may transfer through diffusion. These two diffusional effects can lead to significant gradients of oxygen concentration which decrease char reactivity in combustion.
Diffusional effects inside the crucible were estimated by vaporizing a small amount of about 15 mg of fine naphthalene (C 10 H 8 ) particles at 110°C in isothermal conditions. After loading about 15 mg of naphthalene particles in an alumina crucible (height of the naphthalene layer equal to 1 mm), the TGA was heated up with a linear heating rate of 50°C/min up to 110°C under high purity flow of nitrogen. A period of 1 h at 110°C was maintained to totally vaporize naphthalene. From the recorded mass loss, naphthalene evaporating mass flow rate was calculated and plotted versus time for different nitrogen volume flow rates (i.e. 50, 100 and 150 NL/min) in the TGA. It was observed that naphthalene vaporization mass flow rate substantially increases (during the non-isothermal period) before reaching a constant value. Besides, this mass flow rate was found to be independent of the nitrogen volume flow rate. This indicates that transfer resistance through convection is negligible compared to transfer resistance through diffusion inside the crucible. From the constant naphthalene mass flow rate, the global mass transfer coefficient is determined and is equal to 3.67Á10 À3 m/s. This value is very close to the term D C 10 H 8 ÀAir =ðH À d C 10 H 8 Þ which corresponds to the diffusion of naphthalene through the stagnant zone in the crucible. D C 10 H 8 ÀAir represents the diffusion coefficient of naphthalene into air (m 2 /s). This coefficient is dependent on the temperature and is calculated from ref [53] .
Therefore, during naphthalene vaporization in TGA, mass transfers mainly occur through diffusion inside the stagnant zone in the crucible. Besides, naphthalene transfer through convection at the upper surface of the crucible is not the limiting step and can be neglected compared to naphthalene diffusion.
Consequently, during char combustion in TGA, oxygen mass transfers around and within the crucible can be modelled by pure diffusion phenomena of oxygen into N 2 in the stagnant zone. Fig. 4 presents the effect of combustion temperature on the conversion rate and the sample temperature profile during the combustion of PEL850 in the TGA.
Results and discussion
Effect of combustion temperature
First, it can be seen that the conversion rate is highly dependent on the combustion temperature, especially for temperatures up to 400°C. This result is well-established in the literature for both combustion and gasification of char [39] . For instance, at a given conversion rate of 0.5, it requires a much shorter reaction time at a higher combustion temperature (181 min, 84.5 min, 43.0 min, 31.8 min, 18.8 min for temperatures of 330°C, 350°C, 370°C, 380°C and 400°C respectively). For higher temperatures, this effect is less significant and the reactivity is very high. It takes 8.8 min and 5.6 min for temperatures of 450°C and 850°C respectively). Fig. 4 (A) also shows that a pure delay is noticed at the beginning of the reaction. Indeed, the conversion rate is equal to zero for approximatively 1 min before gradually increasing. This can be explained by the response time of the TGA (see Section 2.3.2). During this pure delay of 1 min, the oxygen partial pressure is null and the combustion has not begun. The steady state of oxygen partial pressure is obtained 25 min after the switching gas method. Consequently, the combustion is strongly impacted by the TGA response time. Fig. 4(B) reports the sample temperature profile in the TGA during the combustion. For each experiment, the sample temperature first substantially increases before gradually decreasing to the preset combustion temperature. For temperatures up to 400°C, the temperature raise is less than 5°C. Consequently, the combustion can be considered as isotherm in this range of temperatures. Nevertheless, above 400°C, the strong exothermicity of the combustion leads to a significant increase in the sample temperature (about 20°C at 450°C) and a faster reaction. The combustion is no longer isotherm. Therefore, in the following, the kinetic study is performed in isothermal conditions for temperatures up to 400°C.
Intrinsic reactivity and kinetic of char combustion correspond to the intrinsic chemical transformations which occur when the chemical reaction is the limiting step compared to external mass and heat transfers. Hence, the oxidative reaction must occur in Regime I [8] . Fig. 5 shows the logarithm of the apparent reaction rate (Eq. (8)) versus 1/T for the combustion of PEL850 under a constant partial pressure of oxygen (21, 273 Pa) . The reaction of combustion can be divided into three main regimes. Regime I occurs for temperatures up to 400°C. Considering Eqs. (1)- (3) and from the slope of the straight line, it is possible to determine activation energy without considering any reaction models. Its value is equal to 125 kJ/mol. However, this method is still subject to discussions as activation energy may be dependent on the level of conversion [31, 54] . Activation energy found in Regime I is considered as the intrinsic activation energy of char combustion. Regime II takes place for temperatures between 450 and 600°C. In this regime, the apparent activation energy is much lower compared to the one obtained in Regime I. Finally, Regime III arises for higher temperatures and is associated with an apparent activation energy close to zero [8] .
It is important to note that, in the case of char combustion with air in FICFB process, the reactor operates at 950°C. According to Fig. 5 , the combustion should occur in Regime III. However, the oxygen partial pressure in the reactor is much lower than 0.21 bar because of oxygen consumption and carbon dioxide production during the char combustion. Hence, a low value of the oxygen partial pressure strongly decreases the char reactivity and the chemical reaction cannot be considered as negligible compared to external mass transfers. Therefore, in these types of reactor, it is necessary to take into account both mass transfers and intrinsic kinetic of char combustion. This is why, in this work, determination of intrinsic kinetic is carried out in Regime I. This occurs for temperatures up to 400°C.
Effect of oxygen partial pressure
The influence of oxygen partial pressure was performed at 400°C and the results are shown in Fig. 6 . A raise of the oxygen partial pressure leads to a higher combustion rate. A short delay at the beginning of the reaction can still be observed in Fig. 6(A) indicating that the effect of the TGA response time is still present for various oxygen partial pressures. Again, considering Eqs. (1)- (3) and from the slope of the straight line of Fig. 6(B) , it is possible to determine the reaction order with respect to oxygen. Its value is equal to 0.67. Fig. 7 illustrates the effect of temperature and oxygen partial pressure on the combustion rate profile during the isothermal combustion of PEL850 in TGA in Regime I. It can be seen that, for each experiment, the combustion rate first increases before reaching a maximum value followed by a gradual decrease. This maximum is frequently observed during char gasification [46, 47, 49, 55] and combustion [19, 21] . Two different points of view can be found in the literature. First, some authors [49, 55, 19, 21] attributed the maximum reaction rate to a change of the char reactive surface during the reaction. Hence, they attempted to represent the reaction rate profile using the Random Pore Model proposed by Bathia et al. [41] . In this model, the change of pore surface area of the particle during the reaction can explain the existence of a maximum combustion rate. Indeed, an increase in the combustion rate is due to the growth of pores surface area while a decrease is attributed to the coalescence of neighboring pores. A maximum combustion rate occurs when the second effect overshadows the first effect. Finally, the second point of view is that the maximum reaction rate is due to the low gasification agent content in the reactive atmosphere just after switching the gas from inert to reactive. For instance, in the case of CO 2 and steam gasification of coal char, some researchers [46, 47, 49] concluded that the time necessary to reach a maximum reaction rate is independent of the type and partial pressure of the gasifying agent for a constant gas flow rate in the TGA. This time is then related to a dispersion phenomenon and is not associated with changes on the char surface during gasification [46] .
Combustion rate profile
A slow increase in the combustion rate is also observed in Fig. 7 . This phenomenon occurs at a conversion of about 0.7 for every combustion temperatures and oxygen partial pressures. According to Table 4 , PEL850 contains a large amount of ash which is composed of 39% of silica, 40% of calcium, 2% of sodium, 12% of potassium and 7% of magnesium. The significant ash content can lead to a catalytic effect during char combustion. Therefore, the slow increase of the combustion rate observed for conversion above 0.7 can be associated with the catalytic effect of ash.
In the literature, several kinetic models were used to represent the kinetic of char combustion. They have been presented in the introduction. Among them, the Power Law Model, the Volumetric Model and the Shrinking Core Model are classified into deceleratory models which represent a decrease of the combustion rate versus conversion. Other models such as the Avrami-Erofeyev (A) Models [32] can be found which are based on nucleation and nuclei growth models. These last models as well as the Random Pore Model are known as sigmoidal models which show a bell-shapes relationship between reaction rate and conversion rate [32] . These models are able to predict a maximum combustion rate and according to the shape of the curve in Fig. 7 may have much interest to represent kinetic of char combustion.
Kinetic modelling 3.4.1. Kinetic models
In this work, a large amount of models were tested (i.e. PL, VM, SCM, RPM and Avrami-Erofeyev (A) Models). Two models were found to be in good agreement with experimental data: the Shrinking Core Model [38] and the Random Pore Model [41] . These two models are presented below.
The SCM [38] assumes that the reaction takes place at the outside surface of a non-porous particle with an initial radius R 0 in isothermal conditions. As the reaction proceeds, the surface moves into the interior of the solid leaving behind an inert ash. By considering a spherical particle and a pseudo-steady-state regime, the reaction rate can be expressed as: ), x c is the mass fraction of carbon in the char particle and A GM is the pre-exponential factor (mol.m
À2
.Pa -n .s À1 ). In the case of a spherical porous char particle, each particle is considered as made up of a large number of non-porous spherical grains of uniform radius r g . It is then assumed that the reaction of each grain proceeds from the outside toward the center so that the reaction front within each grain exhibits spherical symmetry [8] . Hence, Eq. (10) obtained for a reaction of a non-porous char particle applies directly to the individual grain and is called the Grain Model (GM) [8] . Hence, the difference between the SCM and the Grain Model arises from the expression of the external surface area. In our case, we showed that PEL850 is a porous char particle made of numerous non-porous grains. Hence, the Grain Model is used and the external surface area is expressed as:
where r g ¼ 0:45 lm. The value of S p0 is equal to 6.66.10 6 m 2 .m À3 . To determine kinetic parameters (i.e. pre-exponential factor, activation energy and reaction order with respect to oxygen), most of the authors [39] in the literature use a graphical resolution by integrating Eq. (10) and plotting the left hand side versus time: From the slope of the straight line (Eq. (12)), kinetic parameters can be determined for various combustion temperatures and oxygen partial pressures.
The RPM [41] was performed since the char is characterized by the presence of fine pores [9] . This model considers that the reaction takes place at the surface of the pores of a solid particle. As the reaction progresses, it is assumed that neighboring surface inside the particle will intersect one another and pores will overlap. By considering a spherical particle, the reaction rate is given by: 
where, L 0 is the initial pore length per unit volume (m.m À3 ). A value of u equal to 0 represents the volumetric model while value of u equal to 1 is close to the Shrinking Core Model [41] . Hence, a maximum reaction rate arises when the value of the parameter u is large (above 2). Besides, the larger the value of u, the more acute is the peak. In the literature, some authors [55] used a graphical approach to determine both the structural parameter u and the kinetic parameters (K 0 , E a and n) according to Eqs. (15) and (16).
where X max is the conversion rate related to the maximum combustion rate. An integration of Eq. (13) gives the following relation [41] :
A linear evolution of the left hand side of Eq. (16) versus time for different temperatures and oxygen partial pressures enables to determine the kinetic parameters from the slope of the line.
Modelling
The graphical method described above for the two models was not employed in this work since the oxygen partial pressure cannot be considered as uniform in the first 25 min of the char combustion. To obtain kinetic parameters, a differential equations system was defined which takes into consideration both the response time of the TGA and the intrinsic kinetic of char combustion (GM or RPM). It is given in the following expression:
The kinetic parameters A GM , A RPM , E a and n are estimated by solving Eq. (17) using an explicit Runge Kutta (4,5) formula and applying the nonlinear least-squares curve fitting problem. It consists in minimizing the sum of the difference between each experimental data and the one corresponding to the model for all temperatures and oxygen partial pressures according to the following expression:
where f i ðxÞ ¼ X exp À X mod , x represents the kinetic parameters and N corresponds to the number of experimental data. In the case of the Grain Model, the values of pre-exponential factor, activation energy and reaction order with respect to oxygen are given in Table 6 . It can be seen that activation energy is similar to that obtained in Section 3.1. Its value is also in good agreement with those obtained in the literature [33] . Likewise, reaction order with respect to oxygen is also in the same order of magnitude compared to some previous works (see Tables 1 and 2 ). Comparisons between experimental data and results obtained from the Grain Model including the response time of the TGA are given in Figs. 8 and 9. The intrinsic GM for a combustion temperature of 400°C is also reported in Fig. 9 . A very good agreement is found between experimental and predicted results. Fig. 9 shows that, taking into account the non-uniform oxygen partial pressure in the initial stage of the combustion enables the GM to predict a maximum in the reaction rate. In the case of the Random Pore Model, the values of preexponential factor, activation energy, reaction order with respect to oxygen and structural parameter are given in Table 7 . Comparisons between experimental data and results obtained from the Random Pore Model including the response time of the TGA are given in Fig. 10 . The structural parameter is larger than 2 indicating that a maximum reaction rate arises during the char combustion. In the literature, several authors [17, 19] mentioned that the Random Pore Model satisfactorily fitted the experimental combustion rate. During the isothermal combustion of lignin and three hardwoods, Magnaterra et al. [19] found a value of the structural parameter equal to 2.6 and 5 according to the type of chars, reaction orders with respect to oxygen in the range of 0.7-0.82 and activation energies between 78 and 128 kJ/mol. In the case of combustion of coal char in TGA, Kajitani et al. [56] concluded that the ideal value of u is 14, reaction order with respect to oxygen and activation energy were found to be equal to 130 kJ/mol and 0.68, respectively. Table 7 also indicates the values of pre-exponential factor, activation energy and reaction order with respect to oxygen obtained for a constant value of u equal to 1. As mentioned above, when u is equal to 1, the structure functions of both the RPM and the GM are very close to each other. This result is highlighted in Fig. 11 which shows that combustion rate obtained with the GM is very close to the one obtained with the RPM with u equal to 1. From the results given in Table 6 and Table 7 , it is then possible to calculate the initial internal surface area per unit volume S 0 of PEL850. Its value is obtained by dividing the value of K 0 from Table 7 by the value of ½M c A GM =ðq a x c Þ from Table 6 . Thus, S 0 was found to be 6.55 Á 10 6 m 2 .m À3 which is close to the value of the external surface area S p0 considering an initial radius r g . Table 7 Kinetic parameters obtained with the Random Pore Model by solving the differential equations system given in Equation (17).
Char type 
Comparison between the two models
Comparing the kinetic parameters obtained with the GM and the RPM, it can be seen that activation energies and reaction orders with respect to oxygen are similar for both models. This indicates that the difference arises from the values of pre-exponential factor and u parameters.
Another aspect is that the value of min x jf ðxÞ j jj 2 2 is slightly smaller for the RPM than the GM. This indicates a more accurate modelling for the RPM compared to the GM. However, the larger amount of unknown kinetic parameters to identify for the RPM can explain the superior precision during the modelling. To our viewpoint, the difference between the two models is negligible and the RPM does not lead to a better accuracy of the modelling. Finally, considering its less number of unknown kinetic parameters, the GM can be chosen to represent the combustion kinetic of PEL850.
Moreover, since the differential equations system including the response time of the TGA and the GM well represents the TGA data and the maximum combustion rate (Fig. 9) , it can be concluded that this maximum is only due to the switching gas method during the isothermal combustion in TGA.
Effect of oxygen diffusion within the crucible
This section aims to verify whether the diffusion of oxygen in the crucible plays a significant role during isothermal char combustion in TGA.
By considering a uniform concentration of oxygen in the char layer, the oxygen balance in the char layer leads to the following equation:
where e is the porosity of the char layer (e ¼ 0:4Þ, S crucible is the cru-
are the oxygen concentration at the surface of the char particles and in the bulk respectively (mol/m 3 ), n 0 is the initial amount of char (mol) and K c is the global oxygen transfer coefficient (m/s). In Section 2.3.3., it has been demonstrated that, during char combustion in TGA, oxygen transfer effects through convection at the upper surface of the crucible can be neglected compared to oxygen diffusion within the stagnant zone in the crucible. Consequently, the oxygen transfer coefficient can be expressed as follow:
where D O 2 ÀN 2 is the diffusion coefficient of oxygen into nitrogen (m 2 /s). This diffusion coefficient is dependent on the combustion temperature and is calculated from ref [57] . Fig. 12(A) presents the conversion rate versus time for the intrinsic GM and the GM taking into account oxygen diffusion given in Eq. (19) during the isothermal combustion of char at 350°C. At 350°C, oxygen diffusion in the stagnant zone within the crucible yields to a decrease of the char reactivity. This effect is increased by raising the combustion temperature. A parameter h is defined by the following equation:
h ¼ t 50% ðGM þ ODÞ À t 50% ðGMÞ t 50% ðGMÞ ð21Þ
where t 50% is the time at 50% of conversion for the intrinsic GM and the GM plus oxygen diffusion (GM + OD). This parameter highlights the effect of oxygen diffusion within the stagnant zone during char combustion. A low value of parameter h indicates a small impact of mass transfer on the char combustion.
Several authors in the literature [52] have considered diffusion of oxygen in the interstitial space within the char layer. This effect is considered by adding a second resistance to oxygen diffusion in the stagnant zone to represent oxygen balance. In this case, the global mass transfer coefficient is expressed using the following equation: 
sion rate versus time for the GM plus oxygen diffusion considering the global mass transfer coefficient given in Eq. (22) . Fig. 12(B) shows the effect of combustion temperature on parameter h. It can be seen that for temperatures up to 400°C, this parameter is less than 0.2. In this range of temperatures, effect of oxygen transfer considering either the diffusion in the stagnant or the diffusion in the stagnant zone and within the char layer can be neglected compared to intrinsic chemical reaction. The chemical reaction is very slow and is the limiting step. This figure confirms that Regime I occurs for temperatures less than 400°C. For temperatures above 400°C, parameter h progressively increases before soaring above 700°C. For these temperatures, oxygen diffusion within the crucible and in the char layer can no longer be neglected and strongly decreases char reactivity. Hence, both the intrinsic chemical reaction and mass transfer diffusion must be taken into consideration.
It is important to note that heat balance in the crucible was not considered in Fig. 12 since only the influence of oxygen transfer is studied. For temperatures under 400°C, it was demonstrated in Section 3.1. that char combustion takes place in isothermal conditions. However, above 400°C, heat balance should also be considered to carefully represent the char combustion.
Conclusion
This paper presented a kinetic study on the isothermal combustion of biomass char in TGA. The char was obtained from fast pyrolysis of beech bark pellet in a fluidized bed reactor at 850°C. Isothermal conditions were achieved by switching the gas from inert to reactive at the desired combustion temperature in the TGA.
First, mass transfer effects in the TGA were thoroughly characterized. By analyzing the oxygen concentration at the outlet of the TGA just after the switching gas method, the oxygen partial pressure was found to be non-uniform for 25 min. Consequently, a transfer function was determined and taken into consideration in the kinetic modelling. Besides, our results showed that the mass transfer limitations mainly occur through diffusion inside the stagnant zone in the crucible.
Isothermal combustions were performed in TGA with grinded char particles. Kinetic study was carried out in Regime I in the absence of any mass transfer limitations. This Regime takes place for temperatures up to 400°C, oxygen partial pressure ranging from 5065 to 21,273 Pa and a char particles size of 25 lm.
A comparison between the Grain Model and the Random Pore Model including the transfer function of the TGA showed that the maximum combustion rate commonly observed during char combustion in the literature is only due to the non-uniform oxygen partial pressure at the initial stage of the reaction. By considering the response time of the TGA in the kinetic modelling, kinetic parameters were determined and the Grain Model was found to well represent experimental kinetic data. Value of activation energy was equal to 124 kJ/mol. Reaction order with respect to oxygen was found to be 0.74.
